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A simple, sensitive, and rapid quantitative LC-MS/MS assay was designed for the simulta-
neous quantification of free and glycoprotein bound monosaccharides using a multiple
reaction monitoring (MRM) approach. This study represents the first example of using
LC-MS/MS methods to simultaneously quantify all common glycoprotein monosaccharides,
including neutral and acidic monosaccharides. Sialic acids and reduced forms of neutral
monosaccharides are efficiently separated using a porous graphitized carbon column. Neutral
monosaccharide molecules are detected as their alditol acetate anion adducts [M  CH3CO2]

using electrospray ionization in negative ion MRM mode, while sialic acids are detected as
deprotonated ions [M  H]. The new method exhibits very high sensitivity to carbohydrates
with limits of detection as low as 1 pg for glucose, galactose, and mannose, and below 10 pg
for other monosaccharides. The linearity of the described approach spans over three orders of
magnitudes (pg to ng). The method effectively quantified monosaccharides originating from as
little as 1 g of fetuin, ribonuclease B, peroxidase, and 1-acid glycoprotein human (AGP) with
results consistent with literature values and with independent CE-LIF measurements. The
method is robust, rapid, and highly sensitive. It does not require derivatization or postcolumn
addition of reagents. (J Am Soc Mass Spectrom 2009, 20, 1224–1234) © 2009 Published by
Elsevier Inc. on behalf of American Society for Mass SpectrometryCarbohydrates play vital roles in the control ofmany key biological processes by acting as re-ciprocating compounds with proteins in molec-
ular recognition events [1, 2]. Associative interactions
between oligosaccharides on glycoproteins and lectins
on the surfaces of binding partners can be involved in
the initiation steps of many diseases such as influenza,
cholera, stomach cancer, and cancer metastasis [3]. An
understanding of these initiating binding processes at
the molecular level requires the structural determina-
tion of oligosaccharides and the quantification of the
glycan monosaccharide constituents, which would be
essential towards the development of possible cures for
many diseases [4, 5].
Monosaccharides compositional analysis is com-
monly performed using gas-chromatography [6–10],
liquid-chromatography [11–13], or capillary electro-
phoresis [14–21]. GC/MS chromatography with an
electron-impact ion source has been the traditional
method of choice for the quantification of neutral
monosaccharides. GC analysis of the trimethylsilyl
ether derivatives of sugars is a well-known procedure
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doi:10.1016/j.jasms.2009.02.022[9], as is the GC separation of sugars as alditol acetates
[7]. However, sample preparation for GC is extensive,
involving the derivatization of sugars with specialty
reagents to render them more volatile [10]. Also, the
sensitive chromatographic operating parameters for GC
are not well suited for routine analysis. Liquid chroma-
tography analysis of monosaccharides is complicated
by the fact that these compounds do not possess a UV
chromophore and consequently, laborious derivatiza-
tion with chromophores or fluorophores is required
before UV or fluorescence detection [22–26]. Neutral
sugars have also been analyzed by HPLC using ev-
aporative light-scattering [27], refractive-index [27,
28], and pulsed-amperometric detectors [29–33]. Ion-
exchange chromatography with pulsed amperometric de-
tection (IC-PAD) is extensively used for the analysis of
sugars without derivatization and detection occurs by
measurement of the current generated when the carbo-
hydrates are oxidized on a gold electrode. Although the
use of an appropriate detection potential makes this a
very sensitive technique for sugars (detection limits as
low as 20 pg were reported using pulsed amperometric
detection), the possibility for co-eluting sugars or other
compounds in the matrix exists [34, 35]. Co-eluting
compounds could be discovered using mass spectrom-
etry, however, the ion-exchange conditions commonly
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and high salt content and are therefore not compatible
with simultaneous mass spectrometric analysis [34].
Capillary electrophoresis with laser-induced fluores-
cence detection (CE-LIF) is a very useful and sensitive
method for the analysis of monosaccharides, however,
derivatization of the sugar with a fluorophore is also
required, and borate is used as a complexing reagent in
the separation buffer to prompt the separation of
closely related monosaccharides [36, 37]. Although at-
tomole sensitivity has been reported for monosaccha-
rides using CE-LIF, the method is limited by the
minute amount of sample that can be introduced into
the capillary, thus requiring larger sample concentra-
tions [38, 39]. Additionally, as with other methods
requiring derivatization, relatively large amounts of
the glycoprotein and the derivatization reagent are
required to efficiently perform the derivatization
reactions [25, 36].
Analysis of sugars using LC/MS methods without
reverting to derivatization would be an ideal alternative
to the methods discussed above, but its application has
been hindered by the ionization efficiency of neutral
sugars using electrospray. Recently, several mass spec-
trometric studies on ionization of carbohydrates em-
ploying adduct formation between the uncharged sugar
and various positive and negative ions have been
reported [40–42]. Different sugars have been quantified
by LC/MRM using Na, Cs, and NH4
 in positive ESI
mode [43–45], and I and Cl in negative ion mode
[46–49]. Most of these adduct formation methods used
post-column addition of the ion and did not provide the
required sensitivity needed for the analysis of carbohy-
drates that are commonly present at low abundance [40,
44]. Chloride attachment by the addition of dichlo-
romethane to a mobile phase consisting of 50% metha-
nol provided excellent sensitivity for sorbitol with a
detection limit of 5 pg, but the method still suffered
frommajor disadvantages [49]. The high organic mobile
phase content used is not very compatible with the
hydrophilic sugars, and a switching valve to clean up
the source after each run was required. In addition, the
method is complicated by the presence of the two
chlorine isotopes, thus rendering it incompatible with
the direct quantification of M2 isotopic labeled carbo-
hydrates [47]. Cs attachment to sugars and detection
in the positive LC/MRM mode showed sensitivities
comparable to those of the chloride attachment method
and did not suffer from the isotopic or postcolumn
addition problems that are associated with the chloride
adduct [44]. However, the method indirectly monitored
the carbohydrate, since the MRM transitions were those
of the sugar cesium adduct fragmenting to form Cs
product ions. Also, the method was only applied to a
few sugars and might not be sensitive to acidic sugars
such as the sialic acids, which are expected to ionize
better in the negative ion mode.
None of the LC/MS quantification methods, using ion
attachment reported to date on sugars, has addressed theproblematic simultaneous separation and quantification
of all diastereomeric monosaccharides commonly associ-
ated with glycoproteins. This includes glycan structures
consisting of the diastereomers glucose, galactose, and
mannose; the diastereomers N-acetylglucosamine (GlucNc)
andN-acetylgalactosamine (GalNc); fucose; xylose; and the
sialic acids N-acetylneuraminic acid (NeuAc) and N-
glycolylneuraminic acid (NeuGc). In this study, a simple,
sensitive, and rapid LC/MRM method for the quantifica-
tion of all the common monosaccharides is described.
Neutral sugar molecules were detected as their alditol
acetate anion adducts using electrospray ionization in
negative ion MRM mode. The method described here
does not require derivatization or postcolumn addition of
ions. Moreover, the method is highly effective in the
quantification of monosaccharides in as little as 1 g of
glycoprotein.
Experimental
Reagents and Materials
HPLC grade water was obtained from EMD Chemicals
(Gibbstown, NJ). HPLC grade acetonitrile was obtained
from J. T. Baker (Philipsburg, NJ). Hydrochloric acid
(1N) was obtained from Fisher Chemicals (Fair Lawn,
NJ). Glacial acetic acid (99.7%) was obtained from
Mallinckrodt Chemicals (Philipsburg, NJ). Sodium hy-
droxide (1M) was obtained from Fluka (Buchs SG,
Switzerland). Trifluoroacetic acid was obtained from
Riedel-De Haen (Seelze, Germany). Ammonium acetate
(97% purity) was obtained from EM Science (Darmstadt,
Germany). Ammonium carbonate was obtained from J. T.
Baker (Philipsburg, NJ). D-Glucose, D-galactose, D-
mannose, L-fucose, and D-xylose were part of the Aldrich
carbohydrate kit of 32 standards (Aldrich Chemical Com-
pany, Milwaukee, WI). High purity 8-aminopyrene-1,3,6-
trisulfonate (APTS) was purchased from Beckman Coulter
(Fullerton, CA). Borane-ammonia complex (tech. 90%),
N-acetylneuraminic acid, N-glycolylneuraminic acid, the
internal standards N-acetyl-D-neuraminic acid-1,2,3-13C3
and D-Ribose-2,3,4,5-13C4, fetuin from fetal bovine serum,
ribonuclease B from bovine pancreas, peroxidase from
horseradish type VI-A, and 1-acid glycoprotein human
(AGP) were obtained from Sigma-Aldrich (St. Louis, MO).
Acid Hydrolysis and Reduction Procedures
Strong acid hydrolysis using 4 M trifluoroacetic acid
(TFA) was used to release neutral and amino monosac-
charides from glycoproteins [23]. Although two hydrol-
yses steps (2 M TFA at 100 °C for 4 h for neutral sugars,
and 6 h with 4 M HCl at 100 °C for amino sugars) are
usually used for complete release of neutral and amino
sugars without degradation [50], Fu et al. have studied
hydrolysis conditions of intact glycoproteins and have
found that 2 h at 121 °C with 4 N TFA gave nearly
quantitative release of neutral and amino sugars from
several glycoproteins [23]. Therefore, the method of Fu
1226 HAMMAD ET AL. J Am Soc Mass Spectrom 2009, 20, 1224–1234et al. was used in this work. Briefly, a 100-L aliquot of
4 M TFA and 5 L of 10 ng/L D-Ribose-2,3,4,5-13C4
(internal standard) were added to a 1-g aliquot of each
protein. The vials were placed in a sand bath at 100 °C
for 2 h. The samples were then vacuum dried, dissolved
in 50 L water, and dried again. Re-acetylation of
amino sugars was performed by adding a 10-L aliquot
of 25 mM ammonium carbonate (pH 9.50) and a 5-L
aliquot of acetic anhydride and allowing the samples to
sit for 1 h at room temperature. The samples were then
vacuum dried, dissolved in 50 L water, and dried
again. Reduction to the corresponding alditols was
performed according to our previously published pro-
cedure [51]. Briefly, a 10-L aliquot of a 10 mg/mL
aqueous ammonia-borane complex solution was added
to each sample, followed by incubation at 60 °C in a
water bath for 1 h. A 10-L aliquot of 5% acetic acid was
added to destroy any remaining ammonia-borane com-
plex, and the samples were vacuum dried. Excess
borate was removed as volatile trimethyl borane by the
addition of 3  100 L of methanol followed by
vacuum evaporation. The samples were then dissolved
in 100 L of water and transferred to autosampler vials
for analysis. Calibration curve solutions at different
concentrations of all neutral monosaccharides contain-
ing the D-Ribose-2,3,4,5-13C4 internal standard were
vacuum dried before being subjected to the same strong
acid hydrolysis, re-acetylation, and reduction proce-
dure as the proteins.
Mild acid hydrolysis using 0.05 M HCl was used to
release the sialic acids from glycoproteins. Briefly, a
100-L aliquot of 0.05 M HCl and a 5-L aliquot of 10
ng/L N-Acetyl-D-neuraminic acid-1,2,3-13C3 (internal
standard) were added to 1 g of each protein placed in
Eppendorf “safe lock” vials. The vial necks were then
wrapped with Teflon tape and placed in a sand bath at
80 °C for 2 h. Next, the contents of the vials were
vacuum dried, dissolved in 100 L of water, and
transferred to autosampler vials for analysis. The cali-
bration curves of NeuAc and NeuGc were constructed
using different concentrations, all containing a 5-L
aliquot of 10 ng/L N-acetyl-D-neuraminic acid-1,2,3-
13C3 (internal standard). Calibration solutions were va-
cuum dried before being subjected to the same acid
hydrolysis procedure as the proteins.
Preparation of Calibration Curve Standards
A stock solution at a concentration of 10 ng/L NeuAc
and 1 ng/L NeuGc, and a stock solution at 10 ng/L
N-acetyl-D-neuraminic acid-1,2,3-13C3 (internal stan-
dard) were prepared. Calibration curve solutions con-
taining all three were prepared by taking a different
aliquot of the two analytes’ stock solution such that
their final concentration in 100 L H2O would vary
from 100 to 3000 pg/L for NeuAc and 10 to 300 pg/L
for NeuGc. Each calibration solution contained a fixed
500 pg/L of the internal standard. Each of the calibra-
tion solutions was vacuum-dried, then subjected tomild acid hydrolysis as described above for the pro-
teins, and finally dissolved in 100 L H2O before HPLC
injection.
A stock solution of 10 ng/L D-Ribose-2,3,4,5-13C4
(internal standard), and two stock solutions at 1 and 10
ng/L containing the monosaccharides (glucose, galac-
tose, mannose, fucose, xylose, GlcNc, and GalNc) were
used to prepare calibration curve solutions of neutral
monosaccharides. A different aliquot was taken from
each stock solution such that final concentrations in 100
L H2O would vary from 1 to 1000 pg/L for all seven
neutral monosaccharides, each containing the internal
standard at a fixed concentration of 500 pg/L. Each of
the calibration solutions was vacuum dried, then sub-
jected to strong acid hydrolysis, re-acetylation, and
reduction as described above for the proteins, and
finally dissolved in 100 L H2O before HPLC injection.
Liquid Chromatography/Mass Spectrometry
Operating Conditions
A Dionex UltiMate 3000 LC system (Dionex Corp.,
Sunnyvale, CA) consisting of a loading pump, a binary
pump, a temperature-controlled autosampler main-
tained at 5 °C, and a column cooling compartment
maintained at 7 °C was interfaced to the ESI Turbo V
ion source of the triple quadrupole 4000 QTRAP instru-
ment (Applied Biosystems/MDS SCIEX, Foster City,
CA). Porous graphitic carbon Hypercarb column (50 
2.1 mm, 3 m particle size, 250 Å pore size; Thermo
Electron Corporation, CA) was used for the separation
of both neutral and acidic monosaccharides. A Hyper-
carb guard column (10 2.1 mm, 3 m particle size, 250
Å pore size; Thermo Electron Corporation, CA) was
placed before the analytical column. The column tem-
perature was maintained at 7 °C. Mobile phase A con-
sisted of 100% H2O containing 0.01% ammonium ace-
tate, and mobile phase B consisted of 100% acetonitrile.
A gradient of 0% to 15% B in 15 min was used at a flow
rate of 150 L/min. The injection volume was 20 L.
The mass spectrometer was run in negative ion
multiple reaction monitoring (MRM) mode where the rf
and dc in both Q1 and Q3 are jumped to transmit
different precursor/product ion pairs. The [M  H]
precursor ions were used for the sialic acids and their
internal standard. For the rest of the analytes, the [M 
CH3CO2]
 precursor to [M  H] product MRM tran-
sitions were chosen, where M corresponds to the mass
of the reduced sugar (the molecular mass of the aldose 
2 hydrogens). The Turbo V ion source parameters
were common to all analytes in the MRM method: the
capillary was operated at 4500 V, and the source
temperature was set to 250 °C. The curtain gas (N2) and
collision gas (N2) setting was 10 psi, the nebulization
gas setting was 40 psi and the vaporization gas setting
was 50 psi. The declustering potential (DP), entrance
potential (EP), collision cell exit potential (CXP), and
collision energy (CE) were optimized for each analyte.
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ranged from 20 to 48 eV, and from 10 to 29 eV,
respectively.
Precision, Accuracy, and Recovery
The precision of the method was determined by the
replicate analyses (n 3) of the acid hydrolyzed protein
samples as well as the acid treated standard solutions at
all calibration concentrations. The linearity of each
calibration curve was confirmed by plotting the peak
area ratio of the sugar to the internal standard versus
sugar concentration. The unknown sample concentra-
tions were calculated from the least-squares regres-
sion analysis of the standard curves. The standard
curve samples were prepared simultaneously with
the protein samples and in an identical manner as
described above. The accuracy of the method was
expressed as [(mean experimental concentration)/
(theoretical concentration)]  100.
CE-LIF Monosaccharide Determination
CE-LIF compositional analysis of monosaccharides was
performed, using bare fused-silica capillaries and the
cathodic electro-osmotic flow. This approach was based
on our previously published protocol [52]. The compo-
sitional analysis was performed in two steps. The first
step involved the analysis of strong acid-hydrolyzed
neutral monosaccharide residues, while the second step
involved the analysis of weak acid-hydrolyzed sialic
acid residues.
Dried model glycoproteins hydrolysates resulting
from strong acid or mild acid hydrolysis, prepared as
described above, were resuspended in 2 l 0.1 M APTS
(prepared in 0.9 M citric acid) and 1 l 1 M sodium
cyanoborohydride dissolved in dimethylsulfoxide. This
mixture also contained the internal standard (lactose).
The mixture was then incubated at 55 °C for 2 h. The
reaction was stopped by the addition of 197 L of
distilled water. The labeled mixture was diluted
50-fold before its CE-LIF analysis which was per-
formed using P/ACE MDQ Capillary Electrophoresis
System equipped with 488 nm laser and LIF detector
modules (Beckman Coulter, Fullerton, CA).
Results and Discussion
Method Development
Chromatographic separation of monosaccharides and
glycans has always been very challenging, due mainly
to their highly hydrophilic nature. Koizumi et al. [53]
reported for the first time the chromatographic behav-
ior of several mono- and disaccharides and cyclomalto-
ses on hypercarb, a porous graphitized carbon column
(GCC). Carbohydrate retention on GCC appears pri-
marily due to adsorption. The unique selectivity of GCC
and their unmatched ability to resolve isomeric andclosely related compounds are brought about by the
homogeneous adsorptive nature of this material. While
monosaccharides are weakly retained on GCC column,
anomeric separation of free reducing end monosaccha-
rides and glycans is readily attained. However, this
aspect of the separation is not desired in the quantita-
tive analysis of mixtures of monosaccharides, since each
free-reducing end monosaccharide appears as two
peaks (- and -anomers). Free reducing end monosac-
charides and glycans are easily reduced using ammonia-
borane complex reagent [51].
All aldose sugars undergo rapid quantitative reduc-
tion in the presence of borane to yield their alditol
counterparts as shown in eq 1. We have shown
previously that the reaction of an aqueous solution of
ammonia–borane complex with carbohydrates quan-
titatively reduces mono- and oligosaccharides irre-
spective of their nature [51].
The alditols readily form proton-bound dimers with the
acetate anion that is present at very low concentrations
(0.01%) in the aqueous mobile phase, and upon collision
induced dissociation (CID), the acetate adduct loses an
acetic acid molecule, thus yielding a deprotonated
alditol anion as shown in eq 2.
The predominant loss of acetic acid upon CID is ex-
pected from the thermochemistry of the reaction in eq 2,
since the measured gas-phase acidity value, Hacid, of
glucose is bracketed to be at least 12 kcal/mol lower
than that of acetic acid (Hacid (acetic acid)  348
kcal/mol) [41, 54]. At higher collision energies, frag-
mentation of the sugar backbone is observed, but mon-
itoring these fragments yields inferior MRM transition
intensities than those obtained from monitoring the
reaction in eq 2. Therefore, the MRM transitions for the
aldose monosaccharides used in this study correspond
to the [M  CH3CO2]
 precursor ion yielding the [M 
H] product ion, where M corresponds to the mass of
alditol sugar (the molecular mass of the aldose  2
hydrogens). Figure 1 contains a list of the alditols and
the sialic acids used in this study for the quantification
of the major monosaccharides in glycoproteins, as well
as their MRM transitions (CID mass spectra are in-
cluded in Supplementary Figure 1, which can be found
in the electronic version of this article). In the case of
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chosen, since they readily deprotonate in the gas-phase
yielding [M  H] ions.
Shown in Figure 2 are the overlaid extracted ion
chromatograms of 2 ng of glucose, galactose, mannose,
N-acetylglucosamine, and N-acetylgalactosamine fol-
lowing treatment with the ammonia-borane complex. It
is clear from the figure that each of these monosaccha-
rides was quantitatively reduced (- and -anomeric
forms are eliminated) and more importantly, all
diastereomers, including the reduced forms of N-
acetylglucosamine and N-acetylgalactosamine, are sep-
arated from each other with a resolution higher than
1.5, adequate for quantification.
The sensitivity of this acetate attachment method
is demonstrated in Figure 3. A 2-pg aliquot of each of
the seven alditols of glucose, galactose, mannose, N-
Figure 1. Reduced neutral monosaccharides, si
MRM transitions used for quantification.acetylglucosamine, and N-acetylgalactosamine monosac-charides loaded on the column resulted in a signal to noise
ratio of 10 or higher. The limits of detection (LOD) were
determined by the stepwise dilution of a 0.1 pg/L
solution mixture of the alditols until the signal to noise
ratio was close to 3. Accordingly, LOD of glucose, galac-
tose, mannose, and GlcNAc was determined to be 1 pg,
while that of xylose, fucose, and GalNc was 1.5 pg. The
LOD of sialic acids was determined to be 5 and 10 pg for
NeuAc and NeuGc, respectively. These LODs are sig-
nificantly lower than what has been previously re-
ported [55, 56].
Since the main thrust of this study is to determine
monosaccharide composition from small quantities of
proteins, a mixture of the monosaccharides at varying
concentrations (see the Experimental section) was sub-
jected to acid hydrolysis conditions identical to that
used to release the monosaccharides from their respec-
cids, and internal standards used here and theiralic ative proteins. Figure 4 depicts the MRM chromatogram
complex. See the Experimental section for HPLC conditions.
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chromatograms (XIC) of a solution mixture at 100 fg/L (2 pg on column) of (a) glucose, galactose,Max. 2.5e5 cps.
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Figure 2. The extracted ion chromatograms (XIC) of theMRMof a 100 pg/L solutions (2 ng on column)
of the reduced alditol forms of galactose (a), mannose (b), glucose (c), N-acetylgalactosamine (d),
N-acetylglucosamine (e), resulting from treating the corresponding aldose with aqueous ammonia-boraneand mannose, (b) fucose, (c) xylose, and (d) GlcNAc and GalNAc.
bject
1230 HAMMAD ET AL. J Am Soc Mass Spectrom 2009, 20, 1224–1234of a 100 pg/L mixture of the seven predominant
aldose monosaccharides found in glycoproteins sub-
jected to strong acid hydrolysis and reduction to aldi-
tols. Overlaid on this chromatogram is the chromato-
gram for a mixture of the sialic acids NeuAc and NeuGc
subjected to mild acid hydrolysis. It should be noted
that the sialic acids did not require reduction because
the stereochemistry on their anomeric carbon is fixed
due to steric effects, and since their release from glyco-
proteins requires only mild acid hydrolysis, they were
analyzed separately.
Method Validation
Tables 1 and 2 summarize the method validation data
for the quantification of monosaccharides commonly
associated with glycoproteins. Table 1 summarizes the
calibration standards’ method validation data for
NeuAc and NeuGc, which have been subjected to mild
acid hydrolysis, while Table 2 summarizes the data for
the neutral monosaccharides, which have been sub-
jected to strong acid hydrolysis. The accuracy of the
method is calculated as the ratio of the mean experi-
mental concentration to the theoretical concentration,
while the precision is expressed as the coefficient of
variation of the peak area ratios of analyte to internal
standard for three replicate measurements. The data in
Table 1 are analytically acceptable over the calibration
concentration range of the analytes with accuracies
approaching 100%, and precision (% CV) of less than
10%. The data in Table 2 are also satisfactory except at
the lowest calibration point of 1 pg/L for glucose,
xylose, and GalNc where the precision (% CV) is a little
high. This is because this value is below the limit of
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Figure 4. The extracted ion chromatograms (XI
on column) of all seven aldoses: xylose (a), g
N-acetylgalactosamine (f), N-acetylglucosamine
hydrolysis followed by reduction. Overlaid is th
acids NeuAc (h) and NeuGc (i) that has been suquantifications listed in Table 3. The calibration curvedata for all analytes that were used to calculate the
monosaccharide composition of the proteins are sum-
marized in Table 3. Ten calibration points were used
to construct each curve. The table also lists the
retention time values, as well as the LOD and LOQ
for each analyte. The linearity of the calibration
curves was maintained up to a concentration of 3
ng/L for each analyte, and the LOD for the analytes
are higher than what is determined in neat water
solutions (data not shown). This discrepancy is
mainly due to losses originating from acid hydroly-
Max. 2.4e5 cps.
8 9 10 11 12 13 14 15
h i
the MRM of a 100 pg/L solution mixture (2 ng
ose (b), mannose (c), glucose (d), fucose (e),
The mixture has been subjected to strong acid
omatogram of a 100 pg/l mixture of the sialic
ed to mild acid hydrolysis.
Table 1. Precision and accuracy data for sialic acids (NeuAc
and NeuGc) standards subjected to mild acid hydrolysis prior to
LC/MSMS
Theoretical
conc. (pg/L)
Experimental
conc. (pg/L)a
Precision
(CV %)b
Accuracy
(%)c
NeuAc
100.0 92.7 3 93
300.0 311.2 3 104
500.0 507.6 1 102
700.0 700.8 2 100
1000.0 985.2 3 99
3000.0 3002.6 2 100
NeuGc
10.0 11.5 5 115
30.0 30.8 6 103
50.0 51.4 3 103
70.0 63.9 4 91
100.0 102.1 4 102
300.0 300.4 3 100
aFrom the linear least-squares regression of the standard line using all
points (n  3) at all concentrations.
bExpressed as coefficient of variation (n  3) of the peak area ratios of
analyte/IS.
c7
, min
C) of
alact
(g).
e chrCalculated as [(experimental concentration)/(theoretical concentra-
tion)]  100.
f anal
)]  1
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an effect on the recovery of NeuAc and NeuGc, with
percent average recoveries calculated slightly higher
than 100% for both analytes (Table 3). In contrast, the
strong acid hydrolysis procedure had a drastic effect
on the recovery values for the other monosacchar-
ides, with the smallest recovery values reported for
N-acetylglucosamine and N-acetylgalactosamine (Ta-
ble 3). This is expected since they might not get
completely re-acetylated with acetic anhydride, or
they might undergo other side reactions during the
re-acetylation and reduction steps. However, quanti-
fication problems that could arise from the poor
recovery values for some of the monosaccharides
following the strong acid hydrolysis procedure were
Table 2. Precision and accuracy data for neutral monosaccharid
Theoretical concentration 1 pg/L 50
Glucose Experimental conc. (pg/L)a 1.0
Precision (CV %)b 25.2
Accuracy (%)c 100.6 1
Galactose Experimental conc. (pg/L)a 1.0
Precision (CV %)b 9.0
Accuracy (%)c 100.6 1
Mannose Experimental conc. (pg/L)a 1.0
Precision (CV %)b 12.8
Accuracy (%)c 100.9 1
Fucose Experimental conc. (pg/L)a 1.0
Precision (CV %)b 8.8
Accuracy (%)c 100.8 1
Xylose Experimental conc. (pg/L)a 1.0
Precision (CV %)b 24.8
Accuracy (%)c 96.9 1
GlucNc Experimental conc. (pg/L)a 1.0
Precision (CV %)b 10.9
Accuracy (%)c 102.3
GalNc Mean calcd. conc. (pg/L)a 1.1
Precision (CV %)b 16.8
Accuracy (%)c 106.6 1
aFrom the linear least-squares regression of the standard line using al
bExpressed as coefficient of variation (n  3) of the peak area ratios o
cCalculated as [(mean observed concentration)/(nominal concentration
Table 3. Retention time values, calibration curve parameters, av
quantification (LOQ) for all monosaccharides subjected to acid hy
Monosaccharidea Retention timeb Calibration curvec n
Glucose 2.57 (0.10) y  0.00193x  0.00
Galactose 2.12 (0.06) y  0.00187x  0.00
Mannose 2.31 (0.05) y  0.00201x  0.00
Fucose 2.80 (0.06) y  0.00305x  0.00
Xylose 2.06 (0.04) y  0.00153x  0.00
GlucNc 4.90 (0.40) y  0.00213x  0.00
GalNc 4.08 (0.20) y  0.00147  0.000
NeuAc 9.15 (0.05) y  0.00154x  0.01
NeuGc 9.46 (0.05) y  0.00142x  0.00
aNeutral standards were subjected to strong acid hydrolysis, while sia
bStandard deviation of retention time in parenthesis.
cx is the concentration in pg/L and y is the ratio of peak areas betwee
dCalculated as: (mean peak area after acid hydrolysis/mean peak are w
eAfter subjection to acid hydrolysis. The values correspond to 3:1 signal-to-
fAfter subjection to acid hydrolysis. The values correspond to 10:1 signal-todiminished by subjecting all analytes in each calibra-
tion solution to the same acid hydrolysis procedure
as the samples themselves (Table 3).
Compositional Analysis of Model Glycoproteins
The aforementioned approach was validated using
model glycoproteins, including fetuin, ribonuclease B,
peroxidase, and 1-acid glycoprotein human (AGP).
The monosaccharide composition of a 1-g aliquot for
each model glycoprotein was determined in replicates
of three. The MRM chromatograms for the sugars
present in each of these proteins are shown in Figure
5a–d, and the results are summarized in Table 4.
Quantification problems associated with poor recover-
ndards subjected to strong acid hydrolysis prior to LC/MSMS
L 100 pg/L 500 pg/L 700 pg/L 1000 pg/L
108.9 512.6 590.4 1055.1
1.3 2.8 3.5 1.1
108.9 102.5 84.3 105.5
104.9 515.8 644.7 962.3
0.3 1.3 1.9 1.5
104.9 103.2 92.1 96.2
102.0 546.1 636.1 990.7
1.4 2.6 2.1 2.5
102.0 109.2 90.9 99.1
100.3 501.1 688.4 977.7
2.9 2.3 2.4 2.9
100.3 100.2 98.3 97.8
127.1 505.3 545.6 973.8
0.3 1.4 0.3 3.4
127.1 101.1 77.9 97.4
98.7 512.6 756.9 1074.6
1.5 0.8 1.4 2.6
98.7 102.5 108.1 107.5
105.2 516.6 673.9 964.7
1.3 1.5 0.7 4.8
105.2 103.3 96.3 96.5
ts (n  3) at all concentrations.
yte/IS.
00.
e recoveries, limits of detection (LOD), and limits of
ysis and reacetylation in the case of GlcNAc and GalNAc
R2 % Average recoveryd LODe pg LOQf pg
0.9988 101 1.5 10
0.9991 62 2 10
0.9990 68 2 10
0.9989 61 3 20
0.9814 60 3 20
0.9993 54 2 10
0.9987 32 5 50
0.9999 101 5 50
0.9990 102 10 100
ds (NeuAc and NeuGc) were subjected to mild acid hydrolysis.
alyte and IS.
t acid hydrolysis)  100.e sta
pg/
55.4
4.6
10.7
53.8
4.0
07.6
51.5
2.7
03.1
52.3
3.6
04.5
80.6
3.3
61.3
45.4
13.1
90.7
50.4
4.6
00.7
l poinerag
drol
 3
373
0471
17
0451
256
0219
143
78
215
lic aci
n an
ithounoise ratio.
-noise ratio.
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Figure 5. The extracted ion chromatograms (XIC) for 1 g of fetuin (a), AGP (b), ribonuclease B (c),
and horseradish peroxidase (d) subjected to acid hydrolysis. The sugar labels are: Ribose C13 (IS) (a),
galactose (b), mannose (c), glucose (d), fucose (e), N-acetylgalactosamine (f), N-acetylglucosamine (g),
NeuAc (h), NeuGc (i), NeuAc C13 (IS) (j), and xylose (k).Table 4. Model glycoprotein monosaccharide compositions (ng/g) determined using LC-MRM and CE-LIF
Content (ng monosaccharide/g protein)  standard deviation
Glycoprotein (n  3) Galactose Mannose Fucose Xylose GlcNAc GalNAc NeuAc NeuGc
Fetuina 35  2 25  2 1.8  0.2 0 52  3 9.0  0.2 54  6 1.4  0.2
CE-LIFb 29  2 16  2 0 0 45  2 8.0  0.4 55  6 0
Refs. [24, 55, 57, 58] 34–46 23–31 0 0 26–56 5–9 59–89 1.9–6
AGPa 79  3 50  2 8  1 0 112  10 4.0  0.4 104  10 0
CE-LIFb 63  2 47  1 11  0.5 0 102  10 0 99  10
Refs. [59, 60] 76, 79 49, 72 9, 15 0 113, 122 0 82, 111
Ribonuclease Ba 1.4  0.2 52  4 0 0 27  3 0 0 0
CE-LIFb 0 55  4 0 0 28  3 0 0 0
Refs. [61, 62] 0 75, 79 0 32, 42
Peroxidase horseradisha 18  3 68  4 22  1 28  1 56  5 0 0 0
CE-LIFb 10  1 70  5 27  2 20  2 65  3 0 0 0
Ref. [12] 0 98 29 27 52, 65 0
aLC-MRM results on 1 g of glycoprotein.
bCE-LIF results on 10 g of glycoprotein.
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drolysis procedure are contained by subjecting all ana-
lytes in each calibration solution to the same acid
hydrolysis procedure as the samples themselves (Table 3).
It is interesting to remark that glucose (peak d) was
found in each of the chromatograms in Figure 5 even
though it is not a constituent of any of the glycoproteins
studied here. The amount of glucose did not vary
significantly among the different glycoproteins, sug-
gesting its presence as a major impurity. This is not
surprising, considering the ubiquitous nature of glucose
and its nonenzymatic attachment to proteins (glyca-
tion). However, since the glucose peak is separated
from its diastereomers at analytically adequate resolu-
tion, its presence does not affect the quantification of
the other monosaccharides. The measured values using
the LC-MRMmethod described here are consistent with
literature values with the exception of mannose for
ribonuclease B and peroxidase, which was measured to
be lower than the reported literature values (Table 4).
However, these literature values are based on only two
references, and the amount of monosaccharides in gly-
coproteins is known to vary between protein lots. To
verify our results, the monosaccharide composition of
ribonuclease B and peroxidase was measured using
CE-LIF on 10 g of protein following APTS labeling
(Table 4). The CE-LIF determined values confirm our
results for mannose using this LC-MRM study (Table 4).
However, the approach described here is 10 times more
sensitive than CE-LIF, since it has the ability to deter-
mine the monosaccharide composition of glycoproteins
using only a 1-g aliquot. All other procedures require
5 to 50 times more glycoproteins to make the same
determination.
Conclusion
The monosaccharide composition of a glycoprotein is
commonly required to fully understand its biological
roles. Most of the methods that are commonly utilized
to attain this goal are based on matching retention or
migration times and do not involve MS. A rapid and
very sensitive method for the simultaneous quantitative
analysis of neutral and acidic monosaccharides associ-
ated with glycoproteins is demonstrated in this paper. It
represents the first example of using LC/MS methods
to simultaneously quantify all common glycoprotein
monosaccharides. The method is based on the LC
MS/MS of the acetate adducts of reduced monosaccha-
rides. Detection limits as low as 1 pg of monosaccharide
were achieved. The method was applied to determine
the monosaccharide composition of a 1-g aliquot of
four model glycoproteins; demonstrating at least a
five-time improvement in sensitivity. Results are con-
sistent with previous literature values and with inde-
pendent CE-LIF measurements. This method represents
an advancement in high sensitivity carbohydrate anal-
ysis and is an attractive alternative to current methodscommonly utilized for carbohydrate compositional
analysis.
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